IspC is a novel peptidoglycan (PG) hydrolase that is conserved in Listeria monocytogenes serotype 4b strains and is involved in virulence. The aim of this study was to establish the hydrolytic bond specificity of IspC. Purified L. monocytogenes peptidoglycan was digested by recombinant IspC and the resulting muropeptides were separated by reverse phase high-performance liquid chromatography. The structure of each muropeptide was determined using matrix-assisted laser desorption ionization (MALDI)-timeof-flight mass spectrometry in combination with MALDIpost-source decay mass spectrometry. The structure of muropeptides resulting from IspC-mediated hydrolysis indicated that IspC has N-acetylglucosaminidase activity. These muropeptides also had a high proportion of N-acetylated glucosamine residues. To determine whether IspC is more effective at hydrolysing N-acetylated peptidoglycan than de-N-acetylated peptidoglycan, a peptidoglycan deacetylase (PgdA) in-frame deletion mutant was created. This mutant was shown to have fully N-acetylated peptidoglycan and was more susceptible to hydrolysis by IspC when compared with the partially de-N-acetylated wild-type peptidoglycan. This indicates that IspC is more efficient when hydrolysing a fully N-acetylated peptidoglycan substrate. The finding that IspC acts as an N-acetylglucosaminidase is consistent with its categorization, based on amino acid sequence, as a member of the GH73 family. As with other members of this family, de-N-acetylation seems to be an important mechanism for regulating the activity of IspC.
Introduction
Peptidoglycan (PG), the major cell wall component in grampositive bacteria, is responsible for cellular strength and rigidity. The canonical structure of PG consists of glycan strands, composed of repeating N-acetylglucosamine (GlcNAc) β-1,4 linked to N-acetylmuramic acid (MurNAc). Glycan strands can contain various modifications such as de-N-acetylation, glycosylation, O-acetylation and 1,6-anhydride residues (Vollmer 2008) and are cross-linked together by short peptide bridges. Peptide bridges can vary greatly in composition amongst microbial organisms. In Listeria monocytogenes, peptide bridges contain diaminopimelic acid (Dap), alanine and glutamic acid (Kamisango et al. 1982) , and 50% of GlcNAc residues are de-N-acetylated to glucosamine (GlcN) (Boneca et al. 2007) . De-N-acetylation occurs through the action of a PG deacetylase enzyme (PgdA) enabling L. monocytogenes to evade the immune system, and providing resistance to cell wall hydrolysis by a variety of PG hydrolases including lysozyme (Boneca et al. 2007; Popowska et al. 2009 ).
Certain microbial processes such as growth, cell separation, PG turnover, assembly of secretion systems, and genetic competence require PG degradation by PG hydrolases. PG hydrolases are categorized according to the PG bonds that they cleave. N-acetylglucosaminidases, N-acetylmuramidases and lytic transglycosylases cleave the bonds within the glycan strands; N-acetylmuramyl-L-alanine-amidases hydrolyze the bond between the MurNAc and the alanine residue of the peptide bridge; and endopeptidases cleave within the peptide bridges . While the L. monocytogenes genome encodes several PG hydrolases (Popowska 2004) , only seven of them (P60, P45, Auto, Ami, Mur, Fla and IspC) have been experimentally demonstrated to possess autolytic activity (Popowska 2004; . Research has shown that several aspects of bacterial pathogenicity such as biofilm formation, secretion of virulence factors and host cell attachment are impaired when autolysin genes are inactivated or knocked out, indicating that autolysins play an important role in infection (Pilgrim et al. 2003; Boneca et al. 2007; Wang and Lin 2008) .
Our group has demonstrated that IspC, an 86 kDa autolysin, is essential for full virulence of L. monocytogenes (Wang and Lin 2008) and is targeted by the humoral immune response to listerial infection (Yu et al. 2007 ). However, the PG bond cleaved by IspC remains uncharacterized. Only one autolysin from L. monocytogenes, Auto, has recently been experimentally determined to hydrolyze the glycosidic bond between GlcNAc and MurNAc, identifying it as an N-acetylglucosaminidase (Bublitz et al. 2009 ). IspC is clearly involved in pathogenesis (Wang and Lin 2008) ; however, its exact role is unknown. It would be interesting to know if elucidating its catalytic activity would provide insight into the mechanisms behind its role in infection.
In this study, we have shown that IspC displays N-acetylglucosaminidase activity, and therefore has an overlapping role with Auto. Furthermore, muropeptides released by IspC digestion were highly N-acetylated; leading to the hypothesis that IspC has a preference for hydrolysing N-acetylated PG. To determine whether IspC prefers N-acetylated PG, we constructed an in-frame pgdA gene knockout and demonstrated that it contained fully N-acetylated PG. N-Actylated PG was more susceptible to IspC hydrolysis than de-N-acetylated PG from the wild-type (WT) strain of L. monocytogenes.
Results
The autolysin IspC displays N-acetylglucosaminidase activity IspC is a novel autolysin first described by . To determine the substrate specificity of IspC, soluble muropeptides released by hydrolysing cell wall PG from L. monocytogenes with the purified recombinant IspC protein were analyzed by mass spectrometry (MS). A reverse phase high-performance liquid chromatography (RP-HPLC) column was ran to separate the muropeptides produced by IspC hydrolysis ( Figure 1A ). The MS analysis of the muropeptides resolved by RP-HPLC allowed for identification, based on the mass-to-charge ratio (m/z), of the possible structure of muropeptides released by IspC ( Figure 1B ). Where there were multiple possibilities, matrix-assisted laser desorption ionization (MALDI)-post-source decay (PSD) was used to determine the exact structure. The data in Table I demonstrate that muropeptides generated by IspC digestion each contain one or more disaccharides.
To determine whether IspC is a PG hydrolase with N-acetylglucosaminidase or N-acetylmuraminidase activity, sugar alcohol contained in the soluble fraction after the digestion of PG with IspC followed by NaBH 4 reduction was analyzed by RP-HPLC. Glucosaminitol but not muramicitol was identified following the IspC digestion (Figure 2) . Furthermore, MALDI-PSD analysis of monomer tri-peptide (m/z 892.2) ( Figure 3A ) generated by IspC digestion revealed a loss of 223 Da, which corresponds to the fragmentation of reduced GlcNAc. Contrasting findings were obtained with MALDI-PSD analysis of a similar monomer tri-peptide (m/z 892.1) ( Figure 3B ) released by mutanolysin digestion, an N-acetylmuramidase, which upon MALDI-PSD, yielded a loss 203 Da corresponding to the fragmentation of unreduced GlcNAc. These data collectively indicated that IspC acts as an N-acetylglucosaminidase cleaving the glycosidic bond between GlcNAc and MurNAc leaving GlcNAc as the reducing residue. Figure 1 shows that very small amounts of the muropeptides released by IspC hydrolysis contained de-N-acetylated glucosamine, whereas WT PG has been found to contain approximately 50% de-N-acetylated glucosamine (Boneca et al. 2007 ). This could mean that IspC has a preference for hydrolysing acetylated glucosamine residues.
PG structural analysis reveals PgdA is the main enzyme responsible for PG de-N-acetylation To examine if IspC has a preference for hydrolysing N-acetylated PG when compared with partially de-N-acetylated substrate, an in-frame PG deacetylase gene (LMOf2365_0434) deletion mutant of L. monocytogenes serotype 4b, designated as ΔPgdA, was constructed and used to prepare PG substrate. To determine the range of PG structural changes which occurred due to this mutation, we performed a detailed analysis of both WT and ΔPgdA mutant PG. Both types of PG were digested with mutanolysin and the resultant muropeptides were separated by RP-HPLC ( Figure 4A ). The MALDItime-of-flight (TOF) MS analysis of muropeptides released by mutanolysin digestion of both PG preparations showed that L. monocytogenes PG contained a basic repeat disaccharide unit of GlcNAc and MurNAc cross-linked by Ala, Glu and Dap ( Figure 4B ; Table II ). This result is in agreement with the reported structure of L. monocytogenes PG (Kamisango et al. 1982) . Most of the peaks corresponding to de-N-acetylated muropeptides generated by mutanolysin digestion of the WT PG were absent in the RP-HPLC chromatogram of the muropeptides released by the digestion of the ΔPgdA mutant PG ( Figure 4A ). This analysis indicated that about 50% of GlcNAc residues in the WT PG were N-acetylated, whereas 97% of GlcN residues in the ΔPgdA mutant PG were N-acetylated. An additional acetyl group was present in some muropeptides obtained from mutanolysin digestion of the ΔPgdA mutant PG ( peaks 10, 13, 28, 29 in Figure 4 ). However, this additional modification accounted for only 4.4% of observed muropeptides ( Figure 4A ). These findings support that the only major structural change in PG based on the PgdA knockout is a change in the amount of de-N-acetylation.
Approximately 0.34% of muropeptides ( peaks 23 and 32 in Figure 4A ) released by digestion of the mutant PG were identified by MALDI-TOF MS as 1-6-anhydro-muropeptides. Similarly, about 0.55% of WT muropeptides ( peaks 23, 30, 31 and 32 in Figure 4A ) were found to contain 1,6-anhydride residues after MALDI-TOF MS ( Figure 4C ). This is the first time an anhydride structure has been observed in Listeria PG.
IspC exhibits reduced hydrolytic activity towards de-N-acetylated PG IspC exhibits a higher hydrolytic activity with ΔPgdA mutant PG than with WT PG when assessed by re-naturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (data not shown) and when monitored spectrophotometrically at OD 660 (optical density at 660 nm) ( Figure 5 ). This indicates that IspC cleaves substrates which contain N-acetylated glucosamine residues more efficiently. IspC has N-acetylglucosaminidase activity
Discussion
Using RP-HPLC in combination with MALDI-TOF MS, we have conducted a detailed structural analysis of muropeptides released from L. monocytogenes PG by IspC-mediated hydrolysis. These results provide evidence that IspC is a N-acetylglucosaminidase, able to hydrolyse the β-1,4-glycosidic bond of the PG glycan strand. Muropeptides released from the WT PG by IspC hydrolysis were found to have disproportionately high levels of N-acetylation. As PgdA is the only enzyme predicted to de-N-acetylate PG in L. monocytogenes (Popowska et al. 2009 ), an in-frame pgdA gene deletion mutant was created to investigate the rates of IspC hydrolysis on fully acetylated PG compared with partially de-N-acetylated WT PG. MS analysis combined with time-course digestion of the PG substrates from both the WT and the ΔPgdA mutant revealed that structural modification of PG by de-N-acetylation of GlcNAc residues renders PG resistant to IspC hydrolysis.
IspC (homologus to LMOf2365_1093) is classified as a member of the glycoside hydrolase (GH) 73 family 
Disaccharide refers to one unit of GlcNAc-MurNAc. deAc indicates deacetylation and Ac indicates an extra acetylation in addition to the acetylation of Glc. NH 2 indicates amidation. Table II . (B) Representative MALDI-TOF mass spectrums of selected muropeptides are shown to demonstrate the observed high signal-to-noise ratio. (C) Although anhydromuropeptide were not abundant when collected from the RP-HPLC column, the observed mass spectra for these residues showed a high signal-to-noise ratio.
IspC has N-acetylglucosaminidase activity (Carbohydrate-Active EnZyme database (CAZy) at http:// www.cazy.org/) (Cantarel et al. 2009 ). While there are 1934 bacterial enzymes assigned to this family based on both sequence alignments and secondary structure predictions only 19 have been characterized. Most characterized GH73 enzymes have been shown to act as N-acetylglucosaminidases and this correlates nicely with our findings. However, there is also a report of a GH73 enzyme (Mur2) having N-acetylmuramidase activity (Chu et al. 1992) , making experiments aimed at confirming the activity of GH73 enzymes necessary. The crystal structure of Auto (lmo1076), another GH73 enzyme found in L. monocytogenes EGD-e which has N-acetylglucosaminidase activity, has recently been solved (Bublitz et al. 2009 ). Analysis of Auto has shown that the Glu122 and Glu156 residues were essential for PG hydrolysis (Bublitz et al. 2009 ). Amino acid sequence comparison reveals that these two important residues are conserved in IspC. Despite variation between the amino acid sequences of IspC and Auto, the secondary structure is highly conserved, suggesting that they may have a similar mechanism of action. An important difference between the two enzymes is that Auto has an N-terminal α-helix that blocks its catalytic site, causing autoinhibition and requiring proteolytic cleavage prior to activation (Bublitz et al. 2009 ). IspC does not contain a regulatory helix, strongly suggesting that it is not regulated in the same way as Auto.
Structural modification of PG by de-N-acetylation of GlcNAc results in less susceptibility to hydrolysis by IspC. De-N-acetylation also decreases the activity of other N-acetylglycosaminidases in the GH73 family, including AcmA from L. lactis (Meyrand et al. 2007 ), NagZ from Bacillus subtilis (Litzinger et al. 2010) and Auto (Bublitz et al. 2009 ). Two amino acids are generally required for glycosidic bond hydrolysis: an acidic proton donor and a nucleophile or base (Davies and Henrissat 1995) . While work on Auto indicates that the Glu122 acts as a catalytic residue (Bublitz et al. 2009) , and this is also probably the case for IspC, it is possible that the N-acetyl group of the PG glucosamine residue acts as the nucleophile and is thus required for substrate-assisted hydrolysis. Our observations fit this model; in addition, this model would provide an excellent molecular explanation of why IspC favors fully acetylated PG. However, additional experiments aimed at providing direct evidence that the N-acetyl group of the glucosamine residue acts as the nucleophile in the hydrolysis reaction need to be performed. Autolysins can induce fatal cellular lysis; therefore, the activity of PG hydrolases is highly regulated and localized to specific areas of the cell wall, such as actively growing PG or the divisome, where PG hydrolysis is required. De-N-acetylation may be a mechanism of making the PG substrate unfit for hydrolysis, thereby controlling the location of PG hydrolysis.
To verify that the only major change to PG structure caused by the pgdA deletion of L. monocytogenes was the amount of N-acetylated glucosamine, we carried out a thorough study of the structure of both WT and mutant PG. In agreement with a published study (Boneca et al. 2007 ), we found that WT PG was 50% de-N-acetylated while de-N-acetylation was reduced to 3% in the ΔPgdA mutant. As expected, this was the only major change between the two types of PG. Modifications of PG, including de-N-acetylation, N-glycolylation, O-acetylation, and the presence of 1-6-anhydro rings are very common in Gram-positive bacteria. As more of the enzymes responsible for PG modification are identified, it is becoming increasingly clear that PG modification plays an important role in pathogenesis, sporulation and regulation of PG hydrolysis (Vollmer 2008) . Our study supports the basic structure of L. monocytogenes PG proposed by Kamisango et al. (1982) : a glycan polymer made up of disaccharide-repeating units linked by a peptide bridge composed of L-alanine (Ala), D-isoglutamic acid (iGlu) and mesodiaminopimelic acid (Dap). In addition to de-N-acetylation, this study also found other PG modifications including O-acetylation and 1-6-anhydro rings. Several structures (Table II and Figure 4A) were identified as containing an extra acetyl group in addition to the N-acetyl group. Although the exact location of this group was not determined, it is likely O-acetylation. 1,6-Anhydro-MurNAc was also found in both WT and ΔPgdA L. monocytogenes PG ( Figure 4A and Table II ). This is the first report of 1,6-anhydro-MurNAc in L. monocytogenes ( Figure 4A and C) . Anhydromuropeptides are proposed to be associated with the terminal end of a glycan strand in Gram-negative and some Gram-positive bacteria. They are the product of either a lytic transglycosylase or a IspC has N-acetylglucosaminidase activity synthetic transglycosylase and are commonly associated with PG turnover in Gram-negative bacteria (Vollmer and Holtje 2001) , and with germination of spores in Gram-positive bacteria (Atrih et al. 1998 (Atrih et al. , 1999 . A putative transglycosylase (LMOf2365_0753) is encoded by the genome of L. monocytogenes serotype 4b strain F2365 (Nelson et al. 2004) . Anhydromuropeptides generally occur less in Gram-positive bacteria than in Gram-negative bacteria. In B. subtilis, anhydromuropeptides account for only 0.4% of muropeptides (Horsburgh et al. 2003 ) and they are not present in Staphylococcus aureus (Boneca et al. 2000) . In Escherichia coli, anhydromuropeptides account for 3.71% of muropeptides (Glauner et al. 1988) . Although the data concerning the proportion of anhydride residues in Gram-positive bacteria is limited, the finding, in this investigation, that 0.55% of muropeptides in L. monocytogenes are anhydromuropeptides fits the current trend.
In conclusion, IspC functions as an N-acetylglucosaminidase in L. monocytogenes. Moreover, its catalytic activity is modulated by de-N-acetylation of the GlcNAc residues through the action of PgdA.
Materials and methods
Bacterial strains, plasmids and growth conditions The L. monocytogenes serotype 4b strain LI0521 WT, and the pgdA deletion mutant (ΔPgdA) derived from the WT were cultured in Brain Heart Infusion (BHI) broth with continuous agitation or on BHI agar plates. The pAUL-A plasmid was provided by Professor T. Chakraborty (Institute of Medical Microbiology, Justus-Lieberg University, Germany) and was used to generate the PgdA deletion mutant. Escherichia coli DH5α was used in cloning experiments and was grown in Luria-Bertani (LB) broth or on LB agar plates at 37°C with appropriate antibiotics (Chakraborty et al. 1992 ). E. coli Rosetta containing a recombinant plasmid pIspC , which was used to produce the recombinant IspC, was cultured in LB broth containing 50 μg/mL kanamycin or on LB agar containing 50 μg/mL kanamycin.
Preparation of Listeria monocytogenes PG PG was prepared from mid-log phase WT and ΔPgdA L. monocytogenes as described previously (Kajimura et al. 2005) with minor modifications to the procedure. Briefly, bacterial cells were collected by centrifugation, resuspended in 4% (w/ v) SDS and boiled for 30 min. Cells were then frozen for 12 h at −80°C and lysed by three passages through a French press at 1500 psi. The unbroken cells were removed by centrifugation at 3000 × g for 5 min and the remaining insoluble fraction was collected by centrifugation at 10,000 × g for 20 min. The pellet was resuspended in 13 mL of 100 mM Tris·HCl ( pH 7.5) and treated with 0.7 mg of α-amylase at 37°C for 2 h. After digestion, MgSO 4 (20 mM), DNase I (100 μg) and RNase A (500 μg) were added to remove nucleic acids. Incubation was continued for 2 h at 37°C. CaCl 2 (10 mM) was added to the solution along with 1 mg trypsin and the mixture was incubated at 37°C overnight. To inactivate the enzymes, 1% (w/v) SDS was added to the cell extract and boiled for 15 min. The insoluble fraction was collected by centrifugation at 10,000 × g for 20 min, washed once with 8 M LiCl and then rinsed three times with water. The insoluble fraction was resuspended in 48% hydrofluoric acid then agitated gently at 4°C for 48 h to remove teichoic acid. The PG was collected by centrifugation, washed multiple times with water and then suspended in 10 mL of NEB Buffer 3 (NewEngland Biolabs). After incubation with 50 U of alkaline phosphatase at 37°C overnight, the solution was boiled for 5 min. The insoluble PG was isolated by centrifugation, washed with water and lyophilized.
Expression and purification of IspC
The recombinant IspC was expressed as a C-terminal 6× His tagged protein in E. coli Rosetta ). The recombinant protein was purified by affinity chromatography on a Ni-NTA (Qiagen) column and then by ion-exchange chromatography on a fast-flow SP sepharose column (GE Healthcare) as described previously ).
HPLC analysis of muropeptides from L. monocytogenes PG Digestion of L. monocytogenes PG by mutanolysin (Sigma) was performed in a 10 mM sodium citrate buffer at pH 6.7 containing 10 mg/mL NaN 3 and 2500 U mutanolysin for 16 h at 37°C. Digestion by IspC was carried out in 10 mM phosphate buffer at pH 8.0 containing 10 mg/mL NaN 3 and 24 μg of recombinant IspC for 96 h at 37°C. Soluble muropeptides obtained from PG digestion with mutanolysin or IspC were reduced by NaBH 4 and separated by RP-HPLC on a C18 Fig. 5 . Rate of hydrolysis of WT and PgdA knockout PG with recombinant IspC. Cell wall extract was suspended in 10 mM phosphate buffer and IspC was added. The suspension was incubated at 37°C with constant agitation and then measured spectrophotometrically at 660 nm at regular intervals. The original OD of the suspension prior to the addition of IspC was set as 100% and the progression of the digestion is shown as a percentage of original optical densities. The data are a combination of at least three separate experiments where the median is plotted and the error bars display the entire range of the data. The Mann-Whitney U test was used to determine statistical significance between both test conditions. The asterisk indicates that, at 24, 48, 72 and 96 h, P < 0.05.
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Hypersil ODS column (250 × 4.6 mm i.d.; 5 μm) (ThermoHypersil) at 45°C. The muropeptides were eluted with a 200 min linear gradient of buffer A (50 mM sodium phosphate buffer containing 5% methanol, pH 2.5) to buffer B (50 mM sodium phosphate buffer containing 30% methanol, pH 2.8) at a flow rate of 0.5 mL/min. Peaks of muropeptides were monitored at 206 nm.
MALDI-TOF and PSD MS analysis of muropeptides
Mass spectrometric analysis of muropeptides derived from L. monocytogenes PG was performed in a reflectron mode on a Biflex IV MALDI-TOF MS instrument (Bruker Daltonics). Purified muropeptides were desalted using ZipTipC18 (Millipore) and lyophilized with CH 3 CN-0.1% trifluoroacetic acid (TFA; 50:50). The analyte and matrix solutions (α-cyano-4-hydroxycinnamic acid, saturated concentration in CH 3 CN-0.1% TFA (50:50)) were mixed at a 1:1 (v/v) ratio and 1 μL of the resulting solution was applied to the stainless steel MALDI plate and air-dried. Positive and/or negative ion mass spectra obtained were used to determine muropeptide structures. In MALDI-PSD experiments, the timed ion selector was used to select the [M + Na] + value of the precursor ion.
Determination of the IspC cleavage site in PG using HPLC The soluble fraction of IspC-hydrolyzed L. monocytogenes PG contains reducing sugars, produced when IspC cleaves a glycosidic bond within the glycan strands of PG. To differentiate between N-acetylglucosaminidase and N-acetylmuramidase activity, the hydrolysis products were treated with alkali 0.1 M NaBH 4 for 2 h at room temperature and dried under reduced pressure using a rotary evaporator. The samples were then hydrolyzed with 3 M HCl at 100°C for 3 h. Residual HCl was evaporated. The samples were treated with triethylamine solution (methanol:triethylamine:water, 2:1:2) to neutralize any residual HCl. Derivatization was carried out for 20 min in phenylisothiocyanate reagent (methanol:triethylamine: water:phenylisothiocyanate, 7:1:1:1). After evaporation, the samples were redissolved in water and subjected to the HPLC analysis. The phenylisothiocarbamyl derivatives of amino sugars and amino sugar alcohols were separated on an STR ODS II (Shimadzu, Kyoto, Japan) C18 reverse phase column (4.6 × 150 mm, 5 μm) and monitored by a UV spectrometer at 254 nm. Solvent A contained 140 mM sodium acetate ( pH 5.7) with 200 mM boric acid and 0.7 ml/L triethylamine, and solvent B contained 60% acetonitorile in water. The gradient was 98% A at time 0, 93% at 5 min, 50% at 20 min and 100% at 25 min at a flow rate of 1 mL/min at a column temperature of 40°C. Standards (a mixture of N-acetylglucosamine and N-acetylmuramic acid) followed by the above procedures except for treating with (reduced standard) or without (non-reduced standard) alkali 0.1 M NaBH 4 .
Construction of a pgdA in-frame deletion mutant In-frame deletion of the putative pgdA gene (LMOf2365_ 0434) (Nelson et al. 2004 ) from the chromosome of a L. monocytogenes serotype 4b strain LI0521 was done through homologous recombination using the shuttle vector pAUL-A (Chakraborty et al. 1992) . A 512 bp DNA sequence located upstream of the pgdA ORF including the first three codons was amplified by PCR from the L. monocytogenes genomic DNA with the primer pair P831F (5′-ATCGGATCCACCAATTT TCGCTGTAATTGG-3′, BamHI site underlined) and P832R (5′-TTGAATCTGTAATTTTCACATTATGCACCTC-3′). A 465 bp DNA sequence located downstream of the pgdA ORF containing the last eight codons of the C-terminus was also amplified by PCR using the primer pair P833F (5′-TGTG AAAATTACAGATTCAAGAATGGTGAAA-3′) and P834R (5′-AAAAAGCTTGTACCGATATCTCCAAATATT-3′, HindIII site underlined). The L. monocytogenes genomic DNA was prepared using DNAzol (Invitrogen) as per the manufacturer's instructions. The two amplified fragments were spliced together as previously described (Wang and Lin 2008) , using the primer pair P831F and P834R. This resulted in a deletion of 1368 bp internal to the pgdA ORF. The spliced DNA fragment was cut with BamHI and HindIII and ligated into the corresponding sites of the pAUL-A plasmid, creating pAUL-AΔpgdA. The pAUL-AΔpgdA plasmid was introduced into competent L. monocytogenes through electroporation as previously described in Park and Stewart (1990) and bacteria were screened for ΔpgdA gene deletion as described by Scheferkordt et al. (1998) . The ΔpgdA mutation was confirmed by PCR amplification using a primer pair internal to the deletion region [P835F (5′-CAAAGTCGCGCAACAAAG TAA-3′) and P836R (5′-GTAGCGTCAAGGCTCGCAG CA-3′)] and a primer pair external to the deletion region [P837F (5′-TTCTGGTATGGCCAACTTTCA-3′) and P838R (5′-AATACAGAACTCAGTGTACCA-3′), and by sequencing the PCR product derived from the genomic DNA of the mutant.
Comparison of the hydrolysis of PG derived from the WT or ΔPgdA mutant strain of L. monocytogenes Recombinant IspC was analyzed for its ability to digest the cell wall material of WT and ΔpgdA L. monocytogenes strains by re-naturing SDS-PAGE as described by Potvin et al. (1988) . Cell wall material was prepared by autoclaving bacterial cells of overnight cultures (16 h) and harvesting by centrifugation for 10 min at 10,000 × g. After four washes with water, the cellular material was lyophilized for 24 h. Purified recombinant IspC was run on a 12% SDS-PAGE gel containing either 0.1% (w/v) autoclaved and lyophilized WT or ΔPgdA cell wall material. The gels were washed with deionized water for 30 min after electrophoresis and incubated for 16 h at room temperature in renaturation buffer (25 mM Tris-HCl, pH 7.5, 1% v/v Triton-X). After renaturation, gels were washed in water for 30 min and then stained with 0.1% (w/v) methylene blue (Fisher Scientific) in 0.01% (w/v) KOH for 1 h at room temperature with agitation. Gels were destained with water until areas of hydrolysis became clear. Autoclaved and lyophilized bacterial cells were resuspended in phosphate buffer ( pH 7.9) to an OD 660 of 0.5. Mutanolysin (250 units) or purified recombinant IspC (24 μg) was added to the suspension. The sample was incubated for 24 and 96 h for mutanolysin and IspC, respectively, at 37°C with constant agitation. The absorbance was monitored at 660 nm at pre-determined time intervals during digestion. 
